Simulation results of the IEID-based servo system are shown in Fig. 3 . For comparison, the peak-to-peak values (PPVs), mathematical expectations, and standard deviations of the outputs for the conventional servo system (that is, without disturbance estimation) and for our method are listed in Table I . It is clear that the disturbance is satisfactorily rejected. After incorporating the IEID estimate in the system, the PPV of the output was reduced from 0.11 to 0.01, which is less than 1% of that without IEID estimation. So, the IEID-based method achieves satisfactory disturbance rejection performance even for nonminimum-phase systems.
Simulation results of the IEID-based servo system are shown in Fig. 3 . For comparison, the peak-to-peak values (PPVs), mathematical expectations, and standard deviations of the outputs for the conventional servo system (that is, without disturbance estimation) and for our method are listed in Table I . It is clear that the disturbance is satisfactorily rejected. After incorporating the IEID estimate in the system, the PPV of the output was reduced from 0.11 to 0.01, which is less than 1% of that without IEID estimation. So, the IEID-based method achieves satisfactory disturbance rejection performance even for nonminimum-phase systems.
IV. CONCLUSION
An IEID-based approach has been presented for disturbance rejection in this paper. A GSO was used in the construction of the servo system. After presenting a stability condition, we developed a GSO design algorithm to find parameters for the GSO.
Compared with the EID-based method in [9] , the IEID-based method has the following advantages.
1) It is an extension of the EID method. The disturbance rejection performance can be improved using the pole placement method.
2) While the EID-based method can only be applied to a minimumphase plant, this method can be applied to both minimum and nonminimum-phase plants.
3) Even though the poles of the GSO are fixed, there is still a freedom in the selection of the observer matrices. This freedom can be used to avoid difficulties in physical implementation of the observer.
Magnetically Actuated Soft Capsule With the Multimodal Drug Release Function
Sehyuk Yim, Kartik Goyal, and Metin Sitti Abstract-In this paper, we present a magnetically actuated multimodal drug release mechanism using a tetherless soft capsule endoscope for the treatment of gastric disease. Because the designed capsule has a drug chamber between both magnetic heads, if it is compressed by the external magnetic field, the capsule could release a drug in a specific position locally. The capsule is designed to release a drug in two modes according to the situation. In the first mode, a small amount of drug is continuously released by a series of pulse type magnetic field (0.01-0.03 T). The experimental results show that the drug release can be controlled by the frequency of the external magnetic pulse. In the second mode, about 800 mm 3 of drug is released by the external magnetic field of 0.07 T, which induces a stronger magnetic attraction than the critical force for capsule's collapsing. As a result, a polymeric coating is formed around the capsule. The coated area is dependent on the drug viscosity. This paper presents simulations and various experiments to evaluate the magnetically actuated multimodal drug release capability. The proposed soft capsules could be used as minimally invasive tetherless medical devices with therapeutic capability for the next generation capsule endoscopy.
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I. INTRODUCTION
Current medical technologies are developing toward minimally invasive diagnosis and therapy. Magnetic capsule endoscopy is one of the state-of-the-art medical technologies to represent this trend. Many research groups have demonstrated the magnetic maneuvering of an endoscopic capsule inside a human body or a swine's gastrointestinal (GI) tract [1] - [4] . Although their performance should be improved for application in clinics, recent advances in magnetic manipulation would allow a stable 3-D motion control of the magnetic capsule endoscopes in the near future [4] , [5] . [7] , [8] . These drug-releasing capsules showed feasibility in the experiments. Currently, some capsules are being used for the research on the drug-absorption rate of each organ. The intelSite capsule (Innovative Devices, Raleigh, NC) uses on-board shape memory alloys to open the drug-releasing holes [9] , [10] . The Enterion capsule (Phaeton research, Nottingham, U.K.) employs a springpiston mechanism actuated by a highly efficient radio-frequency signal [11] . However, considering that the mechanical configuration of these drug-releasing capsules is complicated and they require too much space, the aforementioned mechanisms are not ideal for magnetic capsule endoscopes.
In the previous research, we proposed a magnetically actuated soft capsule endoscope (MASCE) platform with potential capabilities for drug releasing, biopsy, and palpation [12] - [14] . As a follow-up study, this paper presents its advanced design to perform multimodal drug release. As the outline of this paper, Section II introduces the working principle of the localized drug-release mechanism and simulations. In Section III, the targeting performance of the proposed drug-releasing mechanism is evaluated. In Section IV, limitations of the proposed mechanism are discussed. Fig. 1 shows the application scenario of the drug-releasing magnetic capsule. After the capsule is magnetically guided to a desired position, it is compressed by the enhanced external magnetic field. The drug-containing chamber is situated between two heads with internal magnets. The drug inside the chamber is released through four slits at the corners by the preloading force of the upper head during compression. Fig. 2 (a) shows a CAD model of the designed prototype (see Table I for the specifications of the prototype). The detailed configuration of MASCE was introduced in [12] . Because the chamber is made of a soft elastomer, the slits are opened only under the external load. The drug is injected through a small hole in the ceiling of the chamber. The drug chamber is clamped under the upper head and sealed once integrated into the MASCE. Fig. 2(b) shows the characterized shape deformation curve (the length change of the capsule versus the external magnetic attraction), which is divided into three sections. The first sec- tion is between the point O and the point A. In this region, the chamber is compressed as the applied force increases. If the external permanent magnet repeats the linear reciprocal motion, due to a series of pulsetype external magnetic field, the capsule releases the drug slowly and continuously. The second section is from the point A to the point B. A large volume of the drug is released and the area around the target is coated by the released drug. The last section is from the point B to the point C. In this region, a little drug is released while the chamber skin is pressed.
II. DRUG RELEASE MECHANISM

A. Design and Characterization
According to the capsule design, the distance between the chamber and the head at the other side is about 2-3 mm. If the capsule is erected, the upper head contacts the drug chamber due to its weight. The results of indentation tests [see the blue X marks in Fig. 2(b) ] were obtained by the capsule in the air. If the chamber is filled with a viscous drug and the capsule is indented in the water, the chamber's stiffness becomes higher because the drug chamber becomes a damper and the internal pressure of the drug chamber should be higher than the ambient water pressure. In this case, the gradient of the plot between the point O and the point A [see Fig. 2(b) ] becomes smaller. This initial stiffness prevents the undesired drug release during capsule's locomotion.
The proposed chamber design has two improvements as compared with [12] . First, the drug is released via four slits at the corners of the chamber, which allows a natural inflow of the ambient fluid to the chamber after the drug release. Because the chamber's shape is recovered by the inflow, the drug release can be repeated multiple times. Next, the chamber has four slits at its corners, which are toward the space between side linkages. As a result, the waste of the drug in the polymeric coating mode can be minimized. Fig. 3(a) shows the drug release mechanism using simplified diagrams. The chamber's collapsing is accelerated as it is compressed because the upper internal magnet is attracted to the lower one at a short distance. This critical condition can be used to implement the drug release in two different modes. In this section, the multimodal drug release is simulated in detail. The simulations of multimodal drug release have two assumptions; drug chamber volume as a function of the external magnetic attraction and the applied magnetic force as a function of time. Fig. 3(b) shows the drug chamber volume as a function of the external magnetic attraction, which is assumed considering the shape deformation curve and recovery curve [see Fig. 2(b) ] and the specification (see Table I ). The drug chamber has a critical force F cr before being fully collapsed. For example, if the applied preload force is 1.35 N, the chamber volume reduces from 800 to 120 mm 3 . The profile of the applied magnetic force is set as in Fig. 4(a) . A series of weak stimulation in the regions A and B are for small and continuous drug release. Their maximum force (0.5 N) is weaker than the critical force F cr of Fig. 3(b) . In the region B, the frequency becomes doubled, but the magnetic attraction is same as in the region A. The stimulation in the region C is for imparting a local drug coating. The maximum force (1.4 N) is stronger than the critical force.
B. Analysis
If the applied magnetic force at each time [see Fig. 4(a) ] is plugged into the shape deformation and recovery curve [see Fig. 3(b) ], the chamber volume at each time is interpolated as in Fig. 4(b) . In the part A and B, the drug release is almost continuous. If the frequency of the external magnetic field becomes higher, the chamber volume plot becomes more fluctuated. In the part C, the stimulation induces the full compression of the chamber. At the moment, the drug release speed becomes extremely high. Using such high fluidic force, the drug coating is formed around the target. As the drug release is repeated, the concentration of the released drug becomes lower because of the inflow of the ambient fluid [see Fig. 4(c) ]. Considering the lowering of the concentration, the actual quantity of the released drug per time in A and B are 195 and 265 mm 3 /s, respectively.
III. EXPERIMENTS
A. Multiple Drug Release
The performance of the multimodal drug release was evaluated in experiments. A mixture of water and Methylene blue was injected into the drug chamber of the capsule, which was then placed in a container filled with water. The images of the drug-releasing capsule were taken by a camera above the water container [see Fig. 5(a) ]. The magnetic capsule was stimulated by the external magnetic field. The field magnitude (0.01 T < B m ax < 0.07 T) and the frequency (0.1 Hz < f < 2 Hz) were differently set. The external permanent magnet (cylindrical, diameter 50 mm × length 80 mm, the maximum remanence B r,m ax = 1.4 T) was moved manually toward the magnetic capsule until the mechanical limit is reached. The distance (h) between the external magnet and the capsule was measured. The magnetic field was interpolated based on the magnetic field versus distance curve, which was measured by a magnetometer (model 410, Lake Shore, Westerville, OH). The average frequency was calculated by taken images. Fig. 6(a) -(c) shows some snapshots of the magnetic capsule in the multiple drug release. Key observations are as follows.
1) Maximum magnetic field: As simulated in Fig. 4 , the compression of the chamber is controlled by only the maximum magnetic field. The magnetic capsule promptly reacts to the change in the external magnetic field. During both the compression and the relaxation process, delayed response due to the mass inertia of the upper head is not observed. One important point is that the compressed chamber does not necessarily result in a drug release if the viscosity of the injected drug is high. The viscous drug is not diffused after being released and then, if the chamber is relaxed, the released drug flows back into the chamber. 2) Frequency: Even though the magnetic field governs the compression of the chamber, adjusting the frequency of the external magnetic field is useful to control the drug release rate. It is extremely difficult to prove this relation directly using experiments because measuring the volume of the released drug in 3-D is not possible. Therefore, the performance of the multiple drug release experiment is evaluated by 2-D image analysis indirectly even though it is affected by the diffusion of the releasing drug. 
B. Polymeric Drug Coating
Differing from the first mode, in the polymeric drug-coating mode, even a highly viscous drug can be released because the abrupt compression of the drug chamber gives a strong fluidic force to the squeezed drug. Considering that most drugs for mucus layer protection would be highly viscous, such performance would be useful for the stomach ulcer treatment. However, the physical features of the polymeric coating (e.g., coating area, pattern, and distance) are also important because the polymeric film should be a protection layer. Therefore, in the next experiments, we investigated the effect of the drug viscosity on the polymeric coating. A mucoadhesive material was used to change the viscosity (see Table II for detailed information of the drug). A total of four hydro-gel samples (M 1 -M 4 ) with different viscosities were prepared (see Table III for detailed information of the hydro-gel samples). The pattern and the area of the released drug at the final state are important points. Using the taken images and imaging processing, they were calculated. Table IV shows the coated area of the released drug and the average distance from the center of the capsule to the coating area. For example, in the case of the M 4 , about 317 mm 2 is coated by the polymeric drug, and the average distance is about 8 mm.
The objective of local polymeric coating is to separate a gastric ulcer from an invasive gastric acid and, finally, to guide the tissue's selfhealing. Therefore, the biological response of a cell in the proposed clinical scenario needs to be investigated. An epidermal tissue was picked from a human mouth and dyed with an eosin. The dyed cell was placed on a slide-glass surrounded by a polydimethyl siloxane (PDMS) wall. After dyeing, the cell was exposed to HCl. The behavior of the cell was monitored by an inverted optical microscope. Fig. 8(a) shows the response of the cell without a polymeric coating. The cytoplasm of the cell swells as soon as exposed to HCl because the cytoplasm which had been dried on the glass substrate, absorbs the water of HCl solution. Next, if the cell is coated by a hydro-gel, the cytoplasm of the cell shrinks as soon as exposed to HCl [see Fig. 8(b) ]. This is because the osmotic pressure makes the water in the cytoplasm move to the HCl solution. Finally, if the cell-coating material is a nonhydro material like silicone-oil, there is no interaction between the cytoplasm and the HCl solution [see Fig. 8(c) ]. This means that the cell is completely separated from the external HCl solution. The aforementioned results show that the drug for the protection of the tissue should be a nonhydro gel.
IV. DISCUSSION
Multimodal drug release was demonstrated in the experiments, but the designed magnetic capsule also has two potential issues in future clinical applications. First, if the proposed mechanism is implemented in a swallowable capsule (diameter: 10 mm; length: 30 mm, volume: 2300 mm 3 ), the drug chamber occupies about 30% of the total capsule volume; according to the experiments, the drug chamber volume should be at least 800 mm 3 to cover the targeted tissue. Considering that the next generation capsule endoscopes should be equipped with other functional modules such as biopsy and biosensors as well, such space assignment might not be practical. As the second issue, in the local polymeric coating mode, the coating drug is formed around the target, not at the target. For example, Fig. 7 shows that four areas are separately formed. These issues remain to be solved in future work. One possible solution for the first issue is to assemble the drug chamber with the main capsule in the stomach after inserting separately.
V. CONCLUSION
In this paper, a MASCE with a multimodal drug release function is proposed. In the first mode, a small amount of drug is continuously released by a series of pulse type magnetic field (0.01-0.03 T and 1.2-2 Hz). The diffusion of the released drug in 2-D images was analyzed and the results show that the drug release rate can be modulated by the frequency of the external magnetic pulse. In future clinical applications, this mode would be useful when multiple diseased tissues are observed at different positions during endoscopy. In the second mode, 800 mm 3 of drug is released by the external magnetic field of 0.07 T, which induces a stronger magnetic attraction than the capsule's critical force. As a result, a viscous polymeric coating is formed around the target. The coated area is dependent on the drug viscosity. In the case of viscous drug (viscosity: 0.2 Pa·s), the coated area is about 317 mm 2 . Such soft capsules with localized drug release function would be used to treat gastric ulcer in a minimally invasive manner in the future.
I. INTRODUCTION
The rapidly growing microelectromechanical systems (MEMS) industry needs quality assurance and simulation validation for its continued success [1] . Characterizing feature dimensions and trajectories of moving parts and structures is important for device design and quality control. So far, high-quality images of static structures have been obtained by, e.g., scanning electron microscopy (SEM) [2] and scanning white light interferometry (SWLI) [3] - [5] , albeit embedded structures have required a destructive approach. Fig. 1 . Schematic of NIR-SC-SWLI instrument. The inset shows the stroboscopic synchronization scheme for the light source and the sample excitation. SC is a supercontinuum source, (insert shows the spectral response, with the pump peak at 1064 nm highlighted), MF is a multimode fiber, L1 and L2 are the collimation lenses, L3 is the microscope tube lens, L4 is a Nikon Mirau 10× interferometric objective, G and B are beamsplitters, F is a long-pass filter, PD is a trigger photodiode, and S is the sample. SWLI permits accurate 3-D measurements of static [3] - [5] , MEMS structures, and periodically oscillating structures [6] - [9] . So far, SWLI measurements have been performed in the visible regime, where no information is obtained about internal structural features of nontransparent materials. For measurements of transparent films see Kim and Kim [4] .
Most MEMS devices and structures are fabricated from silicon, which is transparent to near-infrared (NIR) light [10] . Light-emitting diodes (LEDs) have been extensively used in SWLI measurements using visible light. SWLI requires a light source with low-temporal coherence (i.e., short coherence length). In the visible regime, white light LEDs fulfill this requirement. However, there is a lack of spectrally broad LED sources in the NIR regime. This problem could be solved by optically combining the output from multiple single-wavelength LEDs. This approach is, however, problematic, since combining their outputs into a flat and symmetric spectral response without significant power loss is difficult. Moreover, halogen lamp-based light sources provide sufficient optical power but cannot easily be modulated. We propose to overcome these limitations by performing a stroboscopic SWLI measurement in the NIR regime using a supercontinuum (SC) [11] source in the instrument [4] , [12] , [13] . SC sources feature a broad and flat spectral emission in the NIR [11] , which facilitates SWLI measurements through silicon structures. Moreover, it is possible to rapidly modulate the output of the SC source. Short, bright light pulses can be produced for stroboscopic illumination.
We previously demonstrated stroboscopic SC-SWLI in visible wavelength range [14] . In this paper, we use an NIR-SC-SWLI instrument to perform a stroboscopic measurement through an oscillating MEMS structure.
II. METHODS
We integrated an SC source into our SWLI instrument and modified it for stroboscopic operation (see Fig. 1 ). We actuated a thermal microbridge to obtain a stroboscopically frozen 3-D image of its structure during motion. We validated the approach by comparing the images obtained at 0
• and 90
• phase angles. Furthermore, we determined the
